Introduction
Natural killer (NK) cells are large granular lymphocytes that provide innate defense against certain virally infected and transformed cells (1) . NK cells rapidly respond against target cells in the absence of prior sensitization, owing to the expression of germline-encoded inhibitory and activating receptors (2) (3) (4) . In both humans and mice, NK cells survey various tissue environments and integrate signals through their extensive repertoire of receptors, which can bind both host-and pathogen-encoded ligands to ultimately determine their activity and function (5) . Two families of these receptors, Ly49 in mice and killer-cell immunoglobulin-like receptors (KIRs) in humans, bind major histocompatibility complex (MHC) class I molecules and play a critical role in regulating NK cell activation and self-tolerance (6, 7) . Alterations in the expression of MHC class I molecules, as is often seen in virally infected and neoplastic cells, renders cells susceptible to NK cell cytotoxicity (2, 8) . Activated NK cells can either directly kill target cells or produce inflammatory cytokines, such as IFN-γ, providing an early innate immune response that helps clear and prevent viral spread. In addition to the classical role of NK cells, a series of recent studies suggest NK cells can also function as immune regulators by affecting adaptive immune responses during the course of viral infection (9) (10) (11) (12) . Whether NK cells possess a universal mechanism to regulate the adaptive immune response remains unclear. Several studies have demonstrated that NK cells can directly lyse ag-specific T cells (9, 10) , resulting in suppressed adaptive immunity. Others, however, showed that NK cells indirectly heighten (11, 13) adaptive immune responses by directing dendritic cell (DC) expansion and migration (14, 15) . Furthermore, it is unclear whether the various immune regulatory capabilities of NK cells result from differences in their location, the type of pathogenic challenge, the kinetics of the immune response, or the existence of distinct subpopulations of NK cells with different effector functions.
NK cells can be divided into subpopulations based on their expression of inhibitory receptors that have varying binding affinities to self-MHC-I molecules. Those expressing inhibitory receptors capable of binding to self-MHC class I molecules are deemed licensed (16) , educated (17) , or functional NK cells. In contrast, Natural killer (NK) cells can be divided into phenotypic subsets based on expression of receptors that bind self-MHC-I molecules, a concept termed licensing or education. Here we show NK cell subsets with different migratory, effector, and immunoregulatory functions in dendritic cell and antigen (ag)-specific CD8 + T cell responses during influenza and murine cytomegalovirus infections. Shortly after infection, unlicensed NK cells localized in draining lymph nodes and produced GM-CSF, which correlated with the expansion and activation of dendritic cells, and resulted in greater and sustained ag-specific T cell responses. In contrast, licensed NK cells preferentially migrated to infected tissues and produced IFN-γ. Importantly, human NK cell subsets exhibited similar phenotypic characteristics. Collectively, our studies demonstrate a critical demarcation between the functions of licensed and unlicensed NK cell subsets, with the former functioning as the classical effector subset and the latter as the stimulator of adaptive immunity helping to prime immune responses.
the unlicensed population of NK cells fail to express inhibitory receptors or express inhibitory receptors that have low binding affinities to host MHC class I molecules and are thus hyporesponsive to targets in terms of cytotoxicity and cytokine production (16, 18, 19) . Recent reports have further characterized functional and intrinsic differences between the licensed and unlicensed NK cells in terms of target binding and recognition (20) , antiviral responses in both mice (21) (22) (23) and humans (18, 24) , and retention of DCs (12) . There have been conflicting reports on the role of licensing in antiviral responses. A recent study suggested that unlicensed NK cells are the predominant anti-murine cytomegalovirus (anti-MCMV) NK subset (21) . Conversely, others suggested that the licensed NK cell subset exhibits greater anti-MCMV activity following hematopoietic stem cell transplantation (HSCT) or after CD25 depletion (22, 23) . Although it is well established that NK cells play a critical role in direct cytotoxic antiviral immune responses, only recently have studies begun to explore and expand on the immune regulatory role of NK cells. Furthermore, it is still unclear what the exact contributions of the licensed and unlicensed NK cell subsets are during viral infection, and whether these differences can be attributed to direct or indirect antiviral responses.
To address these questions, we assessed licensed and unlicensed NK cell subsets in multiple strains of mice (with disparate MHC haplotypes) and in the context of 2 pathogens: MCMV and influenza virus. We hypothesized that licensing determines the specific role of NK cell subpopulations during the course of viral infection and that this may explain the conflicting results regarding differential mechanisms of immune regulation and antiviral capabilities. In this study, we report that self-recognition and inhibitory receptor expression regulates NK cell functionality throughout the course of infection and that the differences in NK cell subset function can, at least partially, be attributed to differences in tissue localization and inherent differences in effector functions between these subsets. Shortly after infection, licensed NK cells served as early innate effectors by producing IFN-γ in inflamed parenchymal tissues and mediated direct antiviral responses. Conversely, the unlicensed NK cell subset localized in the draining lymph nodes (DLNs) and helped promote DC activation and expansion, resulting in sustained ag-specific CD8 + T cell responses. Collectively, these results clearly demonstrated that licensing delineates NK cell subsets into effector and helper subpopulations based on their unique phenotypic and functional characteristics.
Results

Differential localization of unlicensed and licensed NK cells following viral infection.
Under steady-state conditions, NK cells are distributed among both hematopoietic and nonhematopoietic tissues, with the highest frequencies being found in the spleen and nonlymphoid organs such as the liver and lung (25) , and very low frequencies (0.2%-0.5%) being found in LNs (26) . However, following immunization or infection, NK cells can enter DLNs (26) (27) (28) (29) . To assess the distribution and kinetics of the NK cell response to different viral infections, we challenged C57BL/6 (H- Figure 2A) . Additionally, there was a 3-to 4-fold increase in total NK cell numbers in the lung and liver of APR8-or MCMV-challenged mice, respectively (Supplemental Figure 1 , C and E).
In both mice and humans, subsets of NK cells exhibit distinct tissue localization, effector functions, and receptor expression associated with LN trafficking (32) (33) (34) (16, 35) , and licensed in B10.D2 (H2 d ) mice. In contrast to the well-characterized differences in cytotoxicity and IFN-γ production, it is unclear whether these NK cell subsets also exhibit differences in trafficking and tissue distribution, as well as other cytokine and immunoregulatory responses after infection. To investigate whether licensed and unlicensed NK cell subsets, based on the Ly49 receptor expression on distinct NK cells (Supplemental Figure 3) ) mice] and quantified the frequency and total number of each subset at the peak of the NK cell response to both APR8 and MCMV in various tissues. In both C57BL/6 and B10.D2 mice, we observed that the unlicensed NK cell subset accounted for 60%-78% of the total DLN NK cell population ( Figure 1 , A and E, and Supplemental Figure 4A ) and the absolute number of unlicensed NK cells significantly increased compared with both uninfected controls and the licensed NK subset (Figure 1 Figure 2B ). Given the increases in both immature and mature NK cells in the LNs, we reasoned the increase was due to a preferential localization of unlicensed NK cells into the DLNs; however, owing to the larger majority of immature NK cells in the DLNs prior to infection (Supplemental Figure 2A) , we cannot rule out in situ maturation of NK cells in the DLNs.
In contrast, NK cells isolated from the lungs of APR8-challenged mice contained increased frequencies ( Figure 1C and Supplemental Figure 4C ) and significantly increased absolute numbers ( Figure 1D and Supplemental Figure 4D ) of licensed NK cells compared with both the uninfected controls and unlicensed subset. Although the frequency and absolute number of licensed and unlicensed NK cells was comparable in the liver after MCMV challenge ( Figure 1 , G and H), the relative increase in the number of licensed NK cells after MCMV challenge was greater compared with the unlicensed subset ( Figure 1I ). Thus, licensed and unlicensed NK cell subsets are differentially represented at the target and priming sites after viral infection.
Adoptively transferred unlicensed NK cells preferentially migrate to the DLNs. Given the low frequency of NK cells in the LNs of naive mice and the rapid kinetics of NK cell accumulation in the DLNs following infection, we hypothesized that the unlicensed NK cells were actively being recruited to the DLNs rather than gradually proliferating from resident populations in situ. To test this hypothesis, we isolated splenocytes from naive CD45.1 congenic mice and adoptively transferred 20 × 10 6 splenocytes to C57BL/6 (CD45.2) recipients. Two days following the adoptive transfer, we challenged the recipient mice with APR8 and on day 5 after challenge we determined the absolute numbers of donor (CD45.1) NK cells in the mLNs, ndLNs, and lungs ( Figure 2, A and B) . After APR8 challenge, donor NK cells preferentially trafficked to the mLNs and lungs of recipient mice ( Figure 2B ). We observed a 10-fold increase in the absolute number of donor NK cells in the mLNs of APR8-challenged mice compared with control, whereas no difference was observed in the ndLNs of these same groups. Moreover, the absolute number of total donor unlicensed NK cells was significantly increased compared with both the uninfected controls and licensed subset in the mLNs at 5 d.p.i. (Figure 2C ). In contrast to the trafficking of the unlicensed subset to the mLNs, the licensed NK cell subset preferentially migrated to the lung following APR8 challenge compared with the unlicensed NK cells and increased 2-fold compared with control ( Figure 2D ). To further determine whether the increased number of donor unlicensed NK cells in the mLNs was due to trafficking and not local proliferation, we challenged recipient (CD45.2) C57BL/6 mice with APR8 and the following day adoptively transferred 20 × 10 6 splenocytes from naive CD45.1 congenic mice ( Figure 2E ). On days 1 and 3 after challenge, we determined the absolute numbers of donor (CD45.1) NK cells in the mLNs. While not significantly increased at day 1 after transfer, the absolute number of total donor unlicensed NK cells was significantly increased compared with both the uninfected controls and licensed subset in the mLNs at 3 d.p.i. (Figure 2F ). Furthermore, the increase in unlicensed NK cells was due to increased trafficking and not proliferation of local NK cells, as the adoptively transferred NK cells did not express Ki-67 at either day 1 or day 3 after transfer ( Figure 2G ).
Several recent studies have implicated the chemokine receptor CXCR3 as a key mediator of NK cell trafficking to the DLNs (27, 28, 36) . To gain further insight into the mechanism(s) underlying the preferential trafficking of the unlicensed NK subset to the DLNs, we analyzed the expression of CXCR3 on both the licensed and unlicensed NK subsets in various tissues of uninfected C57BL/6 ( Figure 2 , H and I) and B10.D2 mice ( Figure 2J ). We observed a significantly greater number of CXCR3-expressing unlicensed NK cells compared with licensed NK cells in the spleens of naive mice, which primarily consisted of unlicensed NK cells with a Ly49G2 Figure 2I ). However, further congenic adoptive transfer studies using CXCR3-knockout mice showed that this was not the dominant mechanism mediating unlicensed Downloaded from http://insight.jci.org on August 24, 2017. https://doi.org/10.1172/jci.insight.87032 NK cell trafficking to LNs (data not shown). Despite CXCR3 being found predominantly on unlicensed NK cells compared with licensed, there is still a greater frequency of unlicensed NK cells that do not express CXCR3, leading us to believe that additional chemokine receptors and adhesion molecules likely play a role in unlicensed LN homing in our viral models. Collectively, these findings indicate that NK cell subsets exhibit differential trafficking patterns shortly after viral infection, and can be delineated based on licensing patterns.
Depletion of unlicensed NK cells results in diminished ag-specific CD8 + T cell numbers and viral control.
Several recent studies suggest that in addition to playing a major role in direct antiviral defense, NK cells may actually play a more critical role in orchestrating an effective immune response during viral infection (11, 37, 38) . Whether NK cells play a predominant role in enhancing (11) or suppressing (39) the adaptive immune to compare groups. *P < 0.05, **P < 0.01, ***P < 0.001.
response during viral infection remains controversial, as studies utilizing different MCMV-resistant or -susceptible strains of mice have provided conflicting results. However, the majority of these studies focus on the role of NK cell-activating receptors on viral control, DC-NK interactions, and the kinetics of the early CD8 + T cell response. To assess whether these discrepancies may partially be explained by differences in the ability of the licensed or unlicensed NK cell subsets to either promote or restrict early ag-specific CD8 + T cell responses, we used monoclonal antibodies to deplete C57BL/6 (Supplemental Figure 5 ) or B10.D2 (Supplemental Figure 6 ) mice of their licensed (Ly49C/I in C57BL/6 and Ly49G2 in B10.D2) or unlicensed (Ly49G2 and Ly49A in C57BL/6 or Ly49C/I in B10.D2) NK cell subsets 2 days before viral challenge and evaluated T cell responses by flow cytometry ( Figure 3A) . Interestingly, 7 days after challenging with MCMV, we saw a significant decrease in the ag-specific CD8 + T cell response in C57BL/6 mice depleted of their unlicensed NK cell subsets compared with control (rIgG) ( Figure 3B ). In contrast, we did not observe any difference in ag-specific CD8 + T cell numbers in mice whose licensed NK cells were depleted ( Figure  3B) . Importantly, the ag-specific CD8 + T cell response 7 days after APR8 challenge was significantly reduced in both C57BL/6 ( Figure 3C ) and B10.D2 ( Figure 3D ) mice depleted of their unlicensed NK cell subsets, indicating a general antiviral effect of the subsets.
Because of the observed decrease in ag-specific CD8 + T cells in mice depleted of their unlicensed NK subsets and the role of CD8 + T cells in providing antiviral immunity (38, 40) , we next examined whether these mice were less effective at eliminating virus in target tissues. Depletion of the unlicensed NK cell subsets (anti-Ly49G2 and anti-Ly49A in C57BL/6) resulted in liver viral titers ~2.5-fold higher than in undepleted controls ( Figure 3E ), consistent with results from previous studies (21) . Similarly, depletion of the unlicensed NK cell subset (anti-Ly49A in C57BL/6 and anti-Ly49C/I in B10.D2) resulted in lung viral titers ~4.5-fold higher in C57BL/6 ( Figure 3F ) and ~3.5-fold higher in B10.D2 ( Figure 3G ) compared with undepleted controls. This increase in titer was similar to that in T cell depletion studies (data not shown). These findings suggest that unlicensed NK cells function to promote sustained ag-specific CD8 + T cell responses that impact viral resistance.
Unlicensed NK cell presence is correlated with increased DC responses in DLNs. Because of the important role of DCs in priming T cells in the DLNs (28, 41) and our findings showing that depletion of the unlicensed NK cell subset reduces the number of ag-specific CD8 + T cells, we next investigated whether depletion of unlicensed or licensed NK subsets had a negative impact on DCs at the site of T cell priming. Depletion of the unlicensed NK cell subset resulted in significantly diminished total numbers of DLN DCs in C57BL/6 mice challenged with MCMV compared with undepleted controls ( Figure 4B ). Further, this phenomenon was maintained with mLN DCs when both C57BL/6 and B10.D2 mice were challenged with APR8 ( Figure 4, D and F) . Additionally, the number of activated DLN DCs was significantly reduced in mice depleted of their unlicensed NK cell subsets and challenged with either MCMV (Figure 4C ) or APR8 (Figure 4, A and E) . Collectively, these results suggest that the unlicensed NK cell subsets enhance the adaptive immune response against viral infection by augmenting DC activation and numbers, and this is correlated with expansion of antigen-specific CD8 + T cells in the DLNs. Licensed and unlicensed NK cell subset cytokine profiles correlate with their effector functions and tissue distribution. To assess the effector mechanisms driving the differential function of licensed and unlicensed NK cells, cytokine production by these NK cell subsets was examined following MCMV and APR8 challenge in both target (liver and lung, respectively) and priming tissues (DLNs) ( Figure 5 , A-C). At 5 d.p.i., a time point corresponding with significantly increased numbers of NK cells in the DLNs, lungs, and liver (Supplemental Figure 1) , we observed significantly greater total numbers of unlicensed NK cells producing GM-CSF, compared with licensed NK cells in the DLNs of C57BL/6 mice challenged with either APR8 (Figure 5 , D and E) or MCMV ( Figure 5F ). Similar results were obtained using the B10.D2 strain of mouse (Supplemental Figure 7A) .
To determine whether unlicensed NK cell-derived GM-CSF plays a role in DC expansion, we utilized an in vitro system involving coculturing bone marrow-derived DCs with purified NK cells enriched for either the licensed (96% ± 0.6% purity) or unlicensed (95% ± 1% purity) subset. The unlicensed subset of NK cells demonstrated significantly greater ability to expand DCs after 72 hours of coculture compared with the licensed subset, which was abrogated by GM-CSF neutralization ( Figure 5G ). Taken together, these data suggest that unlicensed NK cells act as helper cells by aiding in DC expansion, in part through GM-CSF production.
Furthermore, we observed significantly greater total numbers of licensed NK cells producing IFN-γ, compared with unlicensed NK cells, in the lung ( Figure 5H and Supplemental Figure 7B ) and liver ( Figure  5I ) of mice challenged with either APR8 or MCMV, respectively. Recent studies have suggested that NK cell recruitment to the DLNs may enhance T H 1 polarization, owing to the ability of NK cells to produce high levels of IFN-γ (28, 42) . To assess whether the licensed or unlicensed NK cell subsets in the DLNs also produced IFN-γ in our viral models, we quantified IFN-γ production by DLN NK cells. Although we were able to detect IFN-γ production by ~8% of our total NK cell population in the mLNs at this time point ( Figure 5A ), a far greater frequency and number of NK cells produced GM-CSF (~40%) ( Figure 5A ). The total number and frequency of NK subsets producing IFN-γ in the mLNs ( Figure 5 , J and K) was also lower than subsets producing GM-CSF ( Figure 5, D and E) . Additionally, when we compared the ratio of GM-CSF to IFN-γ production by NK cell subsets, the unlicensed NK cells produced significantly greater Downloaded from http://insight.jci.org on August 24, 2017. https://doi.org/10.1172/jci.insight.87032 Figure 5L ). The opposite trend was observed in parenchymal tissues following challenge with APR8 ( Figure 5M ) or MCMV ( Figure 5N) , with preferential production of IFN-γ over GM-CSF by licensed NK cell subsets. Thus, our results suggest that in addition to the licensed and unlicensed NK cell subsets differentially trafficking to target and priming sites, there is also a difference in the cytokine production by these subsets following viral infection.
GM-CSF than IFN-γ in the DLNs following viral challenge (
Human NK cell subsets exhibit cytokine profiles similar to those of murine NK cell subsets. In order to determine whether human NK cell subsets can also be delineated based on licensing, cytokine production between licensed (single KIR + NK cells in subject with cognate HLA class I ligand present) and unlicensed (single KIR + NK cells in subject lacking cognate HLA class I ligand or KIR -NKG2A -NK cells) human NK cells from the peripheral blood were examined. Licensing was determined through MHC-I haplotype genotyping and flow cytometry to identify NK cell populations with specific KIR/KIR-ligand binding capability. Unlicensed human NK cell subsets demonstrated increased production of GM-CSF compared with the licensed human NK cell subset ( Figure 5 , O-Q, and Supplemental Figure 7, C and D) . Furthermore, the ratio of GM-CSF to IFN-γ production between the 2 subsets indicated that the unlicensed subset predominantly produced GM-CSF, while licensed human NK cells produce greater amounts of IFN-γ (Supplemental Figure 7C ). Additional phenotypic characterization between the unlicensed and licensed human NK cell subsets to include NKG2A expression did not alter the differences in frequency between the unlicensed and licensed NK cell subsets producing GM-CSF (Supplemental Figure 7D) . Thus, similar to the results from our mouse models, human NK cells also show differential cytokine production expression based on NK cell subset licensing. + activated DCs (C and E) in the DLNs of C57BL/6 mice at day 7 after MCMV infection (B and C), in the mediastinal lymph nodes (mLNs) of C57BL/6 at day 5 after APR8 infection (D and E), or in the mLNs of B10.D2 at day 7 after APR8 (F). n = 3 mice per group, representative of 2 to 3 experiments. One-way ANOVA with Tukey post-test used to compare groups. *P < 0.05, **P < 0.01. . As an initial and exploratory measure of NK subset identity, we performed hierarchical clustering of differentially expressed genes having a 1.25-fold or greater change between the different NK cell subsets, which resulted in 6 major clusters of coexpressed genes ( Figure 6A ). For each cluster, we performed functional gene-enrichment analysis using DAVID tools to reveal enrichment for gene ontology and pathway annotations based on gene-gene functional relationships. Within cluster V, "cell death" and "cytolysis" were by far the most statistically significant terms associated with the licensed (Ly49C/I + ) NK subset signature, with the majority of the genes having known effector functions associated with cytotoxicity ( Figure 6B ). Conversely, within cluster II, "cytokine activity, "cytokine binding," and "tumor necrosis factor receptor binding" were the most statistically significant terms associated with the unlicensed (Ly49-negative and Ly49G2/A + ) NK cell subset signature ( Figure 6B) . Collectively, and in agreement with our in vivo murine models, these results support the notion that licensing can be used to delineate NK cell subsets into effector and helper subpopulations based on their unique phenotypic and functional characteristics.
Discussion
We have shown here that NK cell subsets exist based on the concept of self-recognition and licensing, which allows for differences in Ly49 receptor expression to be used as a broad means to phenotypically distinguish between licensed and unlicensed NK cell subsets. Moreover, this phenotypic classification can be used to further delineate the unlicensed and licensed NK cell subsets based on their unique functional characteristics, where the licensed NK cell subset functions as the effector subpopulation and the unlicensed NK cell subset functions as the helper/immunoregulatory subpopulation during viral infection. Utilizing mice that differ in their MHC-haplotype expression (i.e., H2 b -expressing C57BL/6 and H2 d -expressing B10.D2 mice), we have shown that the licensed and unlicensed subsets have unique trafficking, tissue distribution, and effector and immunoregulatory functions during viral infection that are conserved across mouse strains.
We found that unlicensed NK cells preferentially localize in the DLNs early after infection, whereas licensed NK cells localize in viral target tissues. This finding was further supported by adoptive transfer experiments showing a preferential trafficking of unlicensed NK cells to DLNs, rather than in situ proliferation of NK cells already present in the LNs. Similar to published studies supporting the role of CXCR3 in mediating NK cell trafficking to the DLNs (27, 28, 36) , we found that naive mice have high frequencies and total numbers of CXCR3-expressing unlicensed NK cells in their spleens. Although this was not found to play a dominant role in the preferential trafficking observed, it remains a useful biomarker to differentiate NK subsets. Additionally, we found that the unlicensed NK cells found in the DLNs following infection had both mature and immature phenotypes. However, owing to a larger proportion of immature NK cells being present in the DLN prior to infection, we cannot rule out the potential of in situ NK maturation, or the role that maturation status of NK cells has in driving this LN localization. The licensed population was also found to be increased in DLNs following infection, although to a much lower extent that the unlicensed NK cell. Nonetheless, future studies will have to examine what role this subset plays in the LNs and whether it can compensate for a lack of unlicensed NK cells.
Although previous studies have suggested that the primary role of NK cell trafficking to the DLNs is to provide increased levels of IFN-γ (28, 42) and enhance T H 1 polarization, these studies used different infectious disease models -either parasitic infections (using Leishmania major) (42) or LPSstimulated mature DCs to induce NK cell trafficking -and did not exclude potential contributions from the other cytokines known to be produced by NK cells. Although we were also able to detect slightly elevated levels of IFN-γ production in the NK cells that trafficked to the DLNs in our models, GM-CSF was elevated to a much greater extent. In support of our findings that GM-CSF production may enhance DC maturation and activation, which subsequently helps prime ag-specific CD8 + T cell functions, a recent study suggests that in addition to the well-established role of GM-CSF in promoting hematopoietic stem cell development into immature DCs, GM-CSF can also function to support DC differentiation, survival, proliferation, and preferentially promotes MHC class I but not MHC class II expression, indicating the pleiotropic roles of this cytokine (43) . Another interesting finding from our microarray studies was the increased enrichment of "tumor necrosis factor receptor binding" genes associated with the unlicensed (Ly49-negative and Ly49G2/A + ) NK cell subset signature. A recent study looking to determine the mechanisms governing NK-DC interactions in humans found that the gene expression profile for licensed (defined by their increased expression of CD107 following coculture with K562 tumor cells) human NK cells was enriched for genes associated with "cytokine, chemokines, and TNFSF" (44) . Many of the enriched genes in their licensed NK subset (most importantly, the TNFSF14 gene) overlapped with those expressed by our unlicensed NK cell subsets. In their study, the authors conclude that NK cells aid in DC maturation via TNSFSF14. Interestingly, we observed significant enrichment of the TNFSF14 gene in our unlicensed NK cell subset. Although this study and our study conflict with regard to which subset of NK cells aid in DC maturation, one possible explanation is the use of different cell-surface markers to define licensed and unlicensed NK cells, as there is less consensus on which markers should be used to phenotypically characterize human NK cell subsets.
Although we clearly demonstrated that the unlicensed NK cell subsets in the DLNs produced increased GM-CSF, while the licensed NK cells in the parenchymal tissues (liver and lung) produced elevated levels of IFN-γ, these are a matter of degree and we cannot rule out the possibility that the differences in effector function and cytokine production are the result of tissue distribution rather than inherent differences between licensed and unlicensed NK cell subsets. Based on the unique transcriptional signatures identified by our microarray studies, especially our findings that the unlicensed NK cell subset signature was enriched for genes involved with cytokine production and chemokine receptor expression and the licensed NK cell subset signature was characterized by genes enriched for effector cytotoxic function, this suggests that even within the same tissue the unlicensed and licensed NK cells have unique effector functions.
Several recent studies have begun to shed light on the involvement of NK cells in the interplay between the innate and adaptive immune responses, and suggest that NK cells may play a primary role in orchestrating adaptive immune responses during viral infection (11, 39) . Although it remains to be determined whether NK cells play a predominant role in enhancing or suppressing the adaptive immune response, our studies support the notion that different subpopulations of NK cells may play opposing roles throughout the course of viral infection. The majority of the studies looking to decipher the mechanism behind NK modulation of the adaptive immune response have focused on the ability of NK cell-activating receptors to either directly or indirectly regulate T cell responses (9, 10, 39) . Based on the findings from our studies, a more comprehensive assessment of both activating and inhibitory receptors expressed on NK cells may be warranted to better delineate the beneficial or detrimental effects of distinct NK cell populations on adaptive immune responses. Our findings suggest that, given the preferential trafficking of the unlicensed NK cells to the DLNs, they may function primarily to help prime the adaptive immune response. In support of this, we found that depletion of the unlicensed NK cell subset resulted in drastically reduced ag-specific CD8 + T cell numbers and increased viral loads in target tissues.
Similar to findings in our murine models, human NK cells showed similar patterns of cytokine production and chemokine receptor expression based on licensing and self-recognition. Additionally, others have shown that subpopulations of human NK cells exist that differentially express various b /BoyJ (CD45.1) mice that were 6-12 weeks old were purchased from the Jackson Laboratory. For adoptive transfer experiments, total splenocytes (20 × 10 6 cells) from CD45.1 mice were i.v. injected into CD45.2 mice either 2 days prior to infection with 100 PFU APR8 influenza, or 1 day after infection. All mice were housed in AAALAC-approved specific pathogen-free facilities with free access to food and water. All animal studies and protocols were approved by the UC Davis IACUC.
Viruses. MCMV Smith strain was obtained from American Type Culture Collection and maintained by repeated salivary gland passage. MCMV (3 × 10 3 to 5 × 10 3 PFU) was administered i.p. in 0.2 ml of RPMI (Gibco Laboratories. The A/PR/8 influenza strain was maintained as previously described (46, 47) . Mice were lightly anesthetized by isoflurane inhalation and sublethally infected with 20 PFU or 100 PFU A/PR/8 influenza virus in 40 μl of PBS (control mice were mock infected 40 μl of PBS) by intranasal inoculation. Two days prior to infections, depletions were done with either 300 μg purified antiLy49G2 (4D11), anti-Ly49A (YE1/32), anti-Ly49C/I (5E6), or rat IgG (Jackson ImmunoResearch) in 0.2 ml of PBS i.p. Depleting antibodies were produced by purifying supernatant from hybridoma cultures. Flow cytometry. Conjugated antibodies purchased from commercial vendors were used to stain samples prior to analysis on an LSR Fortessa (BD Biosciences) flow cytometer. Data analysis was performed by using FlowJo software (Tree Star). Percentages and total cell numbers were determined for different phenotypic markers and cell types studied. See also supplemental experimental procedures for a more detailed flow cytometry reagent list.
Viral titer determination. Quantification of MCMV (48, 49) and A/PR/8 influenza (50) virus using realtime PCR was performed as previously described. Briefly, for MCMV quantification DNA was extracted from livers using the DNeasy Tissue Kit (Qiagen) and the MCMV IE1 gene was amplified using the HotStarTaq Master Mix (Qiagen) and forward and reverse primers. Plasmid was purified, quantified, and serial 10-fold dilutions of the IE1-containing plasmid were amplified using the forward and reverse primers and probe. A standard curve was constructed by plotting the cycle threshold (C T ) value against the log of the target template molecules obtained from the plasmid, followed by a sum of least square regression analysis. Target copy numbers in the tissue samples were then calculated using the equation obtained by least squares regression analysis. Results were expressed as IE1 gene copies/100 mg of tissue.
A/PR/8 influenza quantification was performed by extracting total RNA from lung homogenates using QIAamp Viral RNA Kit (Qiagen). Viral mRNA for nuclear protein was amplified and quantified by single-round quantitative PCR with an ABI 7900 real-time PCR system. Relative plaque-forming units were determined from lung samples by comparison to a standard curve established by amplification of serial dilutions of the purified virus.
In vitro DC and NK coculture. Bone marrow was harvested from C57BL/6 mice and cultured with 20 ng/ml GM-CSF and 10 ng/ml IL-4 for 3 days. NK cells were negatively selected by using EasySep magnet (Stemcell Technologies) from splenocytes of mice that had been depleted of the opposite subsets to have an enriched subpopulation of NK cells. NK cells were cultured with bone marrow-derived DCs for 3 days with 1 μg/ml anti-GM-CSF or 1 μg/ml rIgG before flow cytometric analysis. Cells were plated at a 1:2 ratio of NK cells to DCs.
Microarray analysis. NK cell subsets were FACS sorted for unlicensed (CD3 NK cell subpopulations from the spleens of 30 naive C57BL/6 mice and subsequently pooled (into 1 of the 3 groups outlined above). Purity of sorted cell populations was greater than 98%. Total RNA was extracted using the RNeasy Kit (Qiagen). RNA quality was assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies). Microarray gene expression profiling was performed by whole-transcript analysis on Affymetrix GeneChip Mouse Gene 2.0 Sense Target (ST) Arrays. All downstream microarray processing procedures were performed according to Affymetrix standard protocols. Microarray data analysis was performed with GeneSpring GX (Agilent Technologies). All original microarray data were deposited in the NCBI's Gene Expression Omnibus (GEO GSE72632). See also supplemental experimental procedures.
Human NK cell analysis. Peripheral blood from healthy volunteers was obtained from leukocyte reduction filters (Blood Centers of the Pacific). Peripheral blood mononuclear cells (PBMCs) were separated by density gradient centrifugation (Histopaque-1077, Sigma-Aldrich) and genomic DNA was extracted for KIR and HLA genotyping using QIAmp DNA Blood Mini Kit (Qiagen). PBMCs were stimulated for 16 hours with 50 ng of phorbol 12-myristate 13-acetate (PMA) and 1 μg ionomycin before intracellular staining for IFN-γ, and GM-CSF production. NK cell subsets exclusively expressing a single inhibitory KIR (spKIR2DL2/3, spKIR2DL1, spKIR3DL1) were detected after gating on the CD3 -CD56 + NK cell population, excluding NKG2A. To confirm the presence of KIR and to distinguish licensed (single KIR + NK cells in subjects with cognate HLA class I ligand present) from unlicensed (spKIR + NKG2A -NK cells in subjects lacking cognate HLA class I ligand or KIR -NKG2A -) NK cell subsets, we performed KIR and HLA class I genotyping using a combination of sequence-specific primers and PCR-specific oligonucleotide probes, as previously described (51, 52) . HLA-C and -B alleles were segregated into KIR ligand groups: C1 (HLA-C Asn80 ), C2 (HLA-C Lys80 ), and HLA-Bw4 or Bw6. Statistics. Data are shown as averages ± SEM. Statistical significance was determined by using 2-tailed Student's t test and 2 or 1-way ANOVA with Bonferroni or Tukey post-test analysis when appropriate. P values were considered statistically significant when P was less than 0.05.
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